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Amotivation in schizophrenia is a central predictor of poor functioning, and is thought to occur due to deﬁcits in
anticipating future rewards, suggesting that impairments in anticipating pleasure can contribute to functional
disability in schizophrenia. In healthy comparison (HC) participants, reward anticipation is associatedwith activ-
ity in frontal–striatal networks. By contrast, schizophrenia (SZ) participants show hypoactivation within these
frontal–striatal networks during this motivated anticipatory brain state. Here, we examined neural activation
in SZ and HC participants during the anticipatory phase of stimuli that predicted immediate upcoming reward
and punishment, and during the feedback/outcome phase, in relation to trait measures of hedonic pleasure
and real-world functional capacity. SZ patients showed hypoactivation in ventral striatum during reward antic-
ipation. Additionally, we found distinct differences between HC and SZ groups in their association between
reward-related immediate anticipatory neural activity and their reported experience of pleasure. HC participants
recruited reward-related regions in striatum that signiﬁcantly correlated with subjective consummatory plea-
sure, while SZ patients revealed activation in attention-related regions, such as the IPL, which correlated with
consummatory pleasure and functional capacity. These ﬁndingsmay suggest that SZ patients activate compensa-
tory attention processes during anticipation of immediate upcoming rewards, which likely contribute to their
functional capacity in daily life.
Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Motivation is the process that drives a person to act towards a
desired outcome. Motivational impairments are a cardinal feature of
schizophrenia, are present in the earliest phases of the illness and are
a signiﬁcant predictor of impaired real-world functioning (Foussias
andRemington, 2010; Schlosser et al., 2014). Current clinical and neuro-
imaging data indicate that these motivational impairments may be re-
lated to neural and behavioral deﬁcits in anticipating future rewards
(Juckel et al., 2006; Simon et al., 2010). Speciﬁcally, growing evidence
indicates that schizophrenia patientsmay not be able to use anticipation
of future rewards to modulate subsequent goal-directed behavior, sug-
gesting impairments in frontal–striatal interactions and dopaminergic
transmission between these regions (Abi-Dargham, 2003; Barch and
Dowd, 2010; Gold et al., 2008; Strauss et al., 2015). Thus, the question
remains as to whether recruitment of impaired frontal–striatal systems
may enhance motivation and goal-directed behavior in schizophrenia
patients or whether recruitment of other intact networks may be
more useful targets for potentiating goal-directed functions in the
real-world. The present fMRI study investigates this question.
The reward circuitry is well established in healthy participants (HC).
Abundant neuroimaging evidence indicate that, in healthy participants,
the motivation to receive upcoming monetary rewards is associated
with anticipatory activity in frontal–striatal networks, including theme-
dial prefrontal cortex (extending to the anterior cingulate cortex,mPFC/
ACC), caudate, putamen, ventral striatum and nucleus accumbens
(Barch and Dowd, 2010; Knutson et al., 2001; Murray et al., 2008).
Speciﬁcally, data suggest that activity in the ventral striatum (VS), par-
ticularly within the nucleus accumbens, during immediate reward an-
ticipation on a Monetary Incentive Delay (MID) task (Knutson et al.,
2000) predicts arousal, positive affect, and, most importantly, real-
world goal oriented consummatory behavior (e.g. products purchased
andmoney spent at a shoppingmall) (Knutson et al., 2001, 2003, 2007).
By contrast, when schizophrenia patients perform the MID task,
several studies have consistently revealed reduced ventral striatum
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(VS) activity during reward anticipation (Juckel et al., 2006; Kirsch et al.,
2007; Schlagenhauf et al., 2008). Yet, prior behavioral research indicate
that while patients with schizophrenia reveal speciﬁc deﬁcits in antici-
pating signals leading to future rewarding outcomes, they experience
similar levels of consummatory (in the moment) pleasure to HC partic-
ipants (Gard et al., 2007; Herbener et al., 2008; Kring andMoran, 2008).
However, it must also be noted that not all studies have found trait dif-
ferences between schizophrenia and HC participants in self-reported
anticipatory pleasure ratings (assayed with the TEPS anticipatory
scale) (Strauss et al., 2011); indeed some behavioral studies have
shown that deﬁcits in schizophrenia patients3 ability to respond to fu-
ture rewarding stimuli occur only when the stimuli are not presently
available compared to when the rewarding cues are more immediately
present (Heerey et al., 2011). Together, these ﬁndings suggest that addi-
tional studies are needed that use anticipatory pleasure ratings from the
TEPS anticipatory scale with neuroimaging measures of immediate re-
ward anticipation, to determine the precise neural underpinnings of
amotivation in schizophrenia. To this end, the purpose of this study is
to use fMRI in schizophrenia to explicitly examine the relationship be-
tween neural activity during the anticipation of an immediate reward
(assayed when participants anticipate winning money in response to
aWIN $ cue) in relation to self-reports of real worldmotivated behavior
(both in-the-moment pleasure as represented by the TEPS consumma-
tory scale, and future representations of pleasure, as measured by the
TEPS anticipatory scale). Therefore, it is possible that neural activation
patterns during current representation of rewarding cues in schizophre-
niamay not directly be associatedwith future representations of reward
(measured with the TEPS-Anticipatory Scale), but rather with more
intact consummatory pleasure levels (assayed here with the TEPS-
Consummatory Scale), as is shown in healthy participants (Knutson
et al., 2007). It also must be noted that while the process of anticipating
pleasure can enhance motivation and preparation for upcoming future
rewarding events, high levels of consummatory (in the moment) plea-
sure can also increase neural reward motivational processes to repeat
a rewarding activity (Trémeau et al., 2010). In the present study, we
therefore hypothesized that it was possible for neural signal during
immediate reward anticipation on the MID task to be correlated with
either the TEPS-Anticipatory scale, the TEPS-Consummatory scale or
with both scales.
Since deﬁcits in anticipatory pleasure are related to deﬁcits inmotiva-
tion and functional outcome (Gard et al., 2007), and since amotivation
in schizophrenia has been shown to be a central predictor of poor
functioning, these ﬁndings suggest that deﬁcits in anticipating pleasure
can contribute to functional disability in schizophrenia (Foussias and
Remington, 2010; Gard et al., 2009). However, thus far, no one has inves-
tigated the explicit link between deﬁcits during anticipation of immediate
rewards, realworldmotivated behavior (both in-the-moment and the fu-
ture), and real-world functioning, andwhether and how additional intact
neural networks (rather than impaired frontal–striatal circuits) may me-
diate motivated behavior in schizophrenia.
To this end, we examined whole-brain activation in SZ patients and
HC participants during the anticipatory phase of presentation of stimuli
that predicted immediate monetary gain (reward) and loss (punish-
ment), as well as during the outcome phasewhen participants were no-
tiﬁed as to whether they had wonmoney or lost money (Knutson et al.,
2000). Previous research has shown that activation within the ventral
striatum during anticipation of an immediate reward is negatively cor-
related with negative symptoms, such as apathy (i.e., lack of motiva-
tion), as well as with positive symptoms, while striatal activation
during reward outcome is negatively correlated with depressive symp-
toms (Juckel et al., 2006; Nielsen et al., 2012; Simon et al., 2010). These
ﬁndings suggest that lower striatal activation during anticipation of an
immediate reward may contribute to patients3 lack of motivation as
well as to the development of psychotic symptoms while lower striatal
activation during reward outcome may contribute to depressive symp-
toms (Simon et al., 2010).
In the present study, we examine whole-brain neural activation in re-
lation to clinical symptoms (assayed with the Positive and Negative
Symptom Scale), motivation (assayed with the Behavioral Activation
Scale); both anticipatory pleasure ratings of future representations of re-
ward and in the moment consummatory pleasure ratings (assayed with
the TEPS) (Gard et al., 2007) and with real-world functional capacity
(UCSD Performance-based Skills Assessment) (Patterson et al., 2001).
Given that prior meta-analyses have indicated that SZ patients do not re-
veal deﬁcits during “in the moment” emotional experiences (Cohen and
Minor, 2010), we predicted that we would not observe overall group dif-
ferences in neural activationwhen SZpatientswere notiﬁed that they had
won money. However, in view of the previous studies mentioned above,
we hypothesized that SZ patients would reveal hypoactivation in VS spe-
ciﬁcally during immediate reward anticipation. To our knowledge, this is
theﬁrst study to investigatewhether frontal–striatal dysregulationduring
immediate reward anticipationmay require recruitment of additional in-
tact networks such as those within parietal regions in schizophrenia, that
may predict better motivation (assayed with BAS-Drive scale), consum-
matory pleasure (TEPS) and real-world functioning (assayed with the
UCSD Performance-based Skills Assessment).
2. Materials and methods
2.1. Participants and procedures
This study represents the baseline imaging data from the imaging
component of our NIMH-funded RO1 of a double-blind randomized
clinical trial of cognitive training in schizophrenia (ClinicalTrials.gov
NCT02105779). Thirty-seven clinically stable volunteer schizophrenia
patients (SZ: mean age = 45.14; mean education = 14.55 years;
mean IQ = 102.11; mean illness duration = 25.40 years), who were
willing to undergo two imaging sessions, were recruited from the
parent study. All patients were stratiﬁed by age, education, gender,
and symptomseverity and then randomly assigned to either social com-
puterized cognitive training, or to a control computerized cognitive
training condition without the social training, performed for 80 h. In-
formed consent was obtained from all subjects. Schizophrenia patients
were scanned using fMRI while they performed theMonetary Incentive
Delay Task (used to assay reward/punishment processing) at baseline
and after 80 h of intervention. We report here the results at baseline
of our reward/punishment fMRI experiment investigating frontal–
striatal cortical systems in schizophrenia patients when compared to
20 healthy comparison participants (HC), matched at a group level on
age, gender, and education (Table 1). SZ participants also underwent
clinical and neuropsychological assessments (Table 2). fMRI data from
two SZ participants were later excluded due to very poor signal to
noise ratio, resulting from excessive motion during the scan.
2.2. Clinical and neuropsychological assessments
Eligibility diagnosis for schizophrenia was determined using the
Structured Interview for the DSM (SCID) (First et al., 2002). Symptom
Table 1
Demographics and behavioral measures (mean, SD) of healthy comparison (HC) and
schizophrenia (SZ) participants.
Baseline HC (N = 20) SZ (N = 37)
Age 43.72 (SD = 13.32) 45.14 (SD = 9.97)
Education 13.63 (SD = 2.11) 14.55 (SD = 1.58)
Gender 14M, 6F 25M, 12F
TEPS Anticipatory pleasure 46.00 (SD = 4.55) 43.09 (SD = 7.85)
TEPS Consummatory pleasure 39.65 (SD = 4.74) 38.74 (SD = 7.78)
MID total accuracy 25.95 (SD = 4.95) 22.42 (SD = 6.93)
MID win accuracy 13.18 (SD = 2.63) 11.56 (SD = 3.51)
MID no lose accuracy 12.77 (SD = 2.43) 10.86 (SD = 3.67)
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severity in schizophrenia was assessed with the Positive and Negative
Syndrome Scale (PANSS) (Kay et al., 1987). Neurocognition was assessed
using the MATRICS Consensus Cognitive Battery (MCCB, Nuechterlein
et al., 2008) which assesses seven cognitive domains: attention/vigilance,
speed of processing, working memory, verbal learning, visual learning,
reasoning andproblemsolving, and social cognition, andprovides a global
cognition score across all measures. Associations were conducted be-
tween reward anticipation and the MCCB measures of global cognition
and reasoning and problem solving (Neuropsychological Assessment
Battery — Mazes Test). Recent research indicate that neurocognitive
function predicts real-world functional outcome in patients with schizo-
phrenia but this is largely mediated by functional capacity (e.g. the
ability to perform functionally relevant, everyday living skills such as
writing a check, following a bus schedule), as measured with the
UCSD Performance-based Skills Assessment (UPSA) (Bowie et al.,
2006). Therefore, we thought that the UPSA would be the most valid
and reliable measure to assess functional capacity in schizophrenia, re-
lated to the skills essential to the individual3s ability to function inde-
pendently in the community (Patterson et al., 2001). The Behavioral
Inhibition and Behavioral Activation Scales (BIS/BAS), which are a
self-report measure of reward sensitivity, were used to assess aversive
and appetitive motivation in schizophrenia (Carver and White, 1994).
Examples of these items, respectively, are: “I worry about making mis-
takes” and “When I want something, I usually go all-out to get it.” The
Temporal Experience of Pleasure Scale (TEPS) was used to measure indi-
vidual dispositions in reward responsivity during real-world experiences
of future anticipatory pleasure and in-the-moment consummatory plea-
sure (Gard et al., 2007). Examples of anticipatory pleasure items include:
“Looking forward to a pleasurable experience is in itself pleasurable” and
consummatory pleasure items include: “A hot cup of coffee or tea on a
cold morning is very satisfying to me.” The SCID, PANSS, UPSA, and BIS/
BAS were administered only to SZ patients. The TEPS was administered
to both HC and SZ participants on the day of scanning.
2.3. Monetary Incentive Delay (MID) task
We used a standard Monetary Incentive Delay (MID) task, as de-
scribed by Knutson et al. (2001), to assay the neural patterns associated
with immediate anticipation and outcome of monetary reward (gain)
and punishment (loss) in SZ and HC participants (Knutson et al.,
2001). The MID paradigm is a Reaction Time (RT) task in which each
trial has a pre-established monetary value. At the beginning of each
trial, a cue (i.e., marking the onset of an anticipatory period) indicates
the amount of money at stake on that trial: Win cues indicate potential
monetary gain, Null cues indicate no monetary gain/no outcome, and
Lose cues indicate potential monetary loss (Fig. 1). When the cue is
presented, participants anticipatemaking a speeded response to the tar-
get (a white square), which is presented on the screen after a variable
ﬁxation interval (i.e., the anticipation period, duration from 2, 4, 6 or
8 s, randomized across all trials). Such variable delayswere used to jitter
the events and optimize deconvolution of the fMRI signal from succes-
sive events. After participants respond to the target, they receive feed-
back on how they performed on that trial in terms of receiving
rewarding, punishing or neutral feedback. Speciﬁcally, on Win trials,
participants are informed as to whether or not they won money; on
Null trials, participants receive neutral feedback that they did not win/
lose money; and on Lose trials, participants are informed as to whether
or not they lostmoney on that trial. After the feedback prompt, there is a
variable inter-trial-interval (ITI), jittered between 2, 4, 6, or 8 s random-
ized across all trials, after which the next cue is presented (marking the
onset of the next anticipatory period). Participants succeed on the trial if
the response happens within a ﬁxed time window. For example, for
each participant, performance level was titrated at 68% accuracy, such
that the response window determining success was based on the
participant3s mean RT within one standard deviation of the mean aver-
aged across performance based on the previous run. Responses to the
ﬁrst run were roughly titrated at 68% accuracy based on a previous
practice run. Responses to the white square were captured for the
total target presentation duration (i.e., 0.5 s); however, participants
were speciﬁcally instructed to respond as fast as possible as soon as
the target appeared. Early responses prior to target onset were not con-
sidered and participants were instructed not to make multiple re-
sponses. Each run consisted of 60 trials: 20 Win trials, 20 Null trials
and 20 Loss trials, pseudorandomized. Participants completed 3 runs
altogether, with each run lasting for a total time of 12min and 24 s. Par-
ticipants were provided withmoney based on their maximum earnings
on their best performance run. Overall accuracy for each participantwas
calculated by computing the total number ofWin trials andNo-Loss trials,
averaged across the three runs.
2.4. MID task: affect and arousal assessments
Immediately after the fMRI scan, participants rated their affect and
arousal retrospectively on how they had felt when they viewed each
condition on the MID task (i.e., Win, Lose, Null). Affect was rated on a
Likert scale of 1–7, labeled on each end from “Negative” to “Positive”,
and arousal was similarly rated on a Likert scale of 1–7, labeled on
each end from “Not aroused” to “Very aroused”. Participants were
explained that “arousal” was deﬁned as feeling “activated, charged or
energized, physically or mentally.”
Table 2
Medication proﬁle, clinical symptoms, BIS–BAS and UPSA functional outcome scores
(mean, SD) in schizophrenia (SZ) participants.
SZ (N = 37)
1st generation (N) 8
2nd generation (N) 32
Multiple (N) 8
No antipsychotic (N) 0
Other psychiatric medication
Antidepressants or mood stabilizers (N) 23
Benzodiazepines (N) 9
Mean chlorpromazine (CPZ) equivalents 374.96 (SD = 555.62)
Mean cogentin equivalents 1.07 (SD = 1.51)
Overall clinical symptom severity (PANSS) 2.14 (SD = 0.55)
Positive symptom severity (PANSS) 2.55 (SD = 1.03)
Negative symptom severity (PANSS) 2.06 (SD = 0.89)
BAS-Drive 2.65 (SD = .75)
BAS-Fun seeking 2.78 (SD = .56)
BAS-Reward responsiveness 3.56 (SD = .36)
BIS 3.05 (SD = .61)
UPSA 73.01 (SD = 12.58)
Fig. 1. Illustration of one MID trial.
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2.5. MID task: behavioral statistical analyses
We ﬁrst conducted between-group one-way ANOVAs in SPSS to
examine between-group differences for overall accuracy (only correct
trials) and RT (for both correct and incorrect trials) (Fig. 2). Correct tri-
als only applied to theWin and No-Lose conditions. We next conducted
between-group 2 × 2 repeated-measures ANOVA on accuracy to exam-
ine the main effects of condition (Win/No-Lose accuracy), main effects
of group (HC/SZ), and group by condition (Win/No-Lose) interaction ef-
fects. We also conducted between-group 2 × 3 repeated-measures
ANOVA on overall RT to examine the main effects of condition (Win/
No-Lose/Null RT), main effects of group (HC/SZ), and group by condi-
tion (i.e., Win/No-Lose/Null) interaction effects.
2.6. MID task: fMRI acquisition
Visual stimuli were presented with MATLAB and back-projected onto
an LCD projector. Participants viewed the screen using a mirror attached
to the head coil andmade ﬁnger-press responses on a ﬁber-optic response
pad. fMRI was acquired on a 3 Tesla Tim Trio Siemens scanner and twelve
channel head coil, using an Echo-planar sequence (TR = 2.4 s, 35 slices,
306 volumes, TE = 30 ms, FOV= 230 mm; matrix = 64 × 64).
2.7. MID task: fMRI statistical analyses
Image analysis was performed using SPM8 software (http://www.ﬁl.ion.
ucl.ac.uk/spm/software/spm8/). Slice timing was performed in interleaved
order, where the ﬁrst slice was used as the reference. Images were realigned
to correct formotion artifacts using a 6-parameter afﬁne transformation, nor-
malized toastandardstereotaxic space(MontrealNeurological InstituteTem-
plate) using a 12 parameter afﬁne/non-linear transformation, and spatially
smoothed with an 8 mm Full-width half-maximum (FWHM) Gaussian ker-
nel. Datawere submitted to a General LinearModel analysis. For each partic-
ipant (i.e., ﬁrst-level analysis), we ﬁt a reference canonical hemodynamic
response function (hrf) toeacheventwithin the trial (i.e., cue, theﬁxationpe-
riod between cue and target, target, and feedback) (see Fig. 1).
We then computed the following contrasts of interest:
(i) for immediate reward anticipation, we contrasted signal during the
anticipation towinmoneywithnooutcome trials (i.e.,Win cueplus
ﬁxation vs. Null cue plus ﬁxation) by modeling the entire anticipa-
tory period of the cue and ﬁxation-cross presentation duration;
(ii) for immediate punishment anticipation, we contrasted signal during
the anticipation to losemoneywith no outcome trials (i.e., Lose cue
plus ﬁxation vs. Null cue plus ﬁxation), bymodeling the anticipato-
ry period of the cue and ﬁxation-cross presentation duration
(iii) for reward outcome, we contrasted signal when participants were
notiﬁed that they won money (monetary gain) compared to
when they did notwinmoney onWin trials, bymodeling the dura-
tion of the feedback prompt
(iv) for punishment outcome, we contrasted fMRI signal when partici-
pants were notiﬁed that they lost money (monetary loss) com-
pared to not losing money on Lose trials by modeling the
duration of the feedback prompt.
We isolated activation during immediate reward/punishment antici-
pation by comparing brain activation for each participant during the
Win/Lose Cue with the Null Cue. During both Null cue and Win cue,
participants anticipate making a response (i.e., pressing a button to a tar-
get). Therefore, the only cognitive process that is different (and, conse-
quently, results in brain activation differences) during the Win Cue
versus Null Cue has to be speciﬁcally due to anticipation of a reward, rath-
er than due to a preparatory motor response (pressing a button to a tar-
get). Our general linear model (GLM) analysis allowed us to extract
signal to each trial-type, and to factor out signal due to temporally adja-
cent events (e.g. to the feedback response), to ensure that signal could
be isolated to the event of interest (e.g. reward anticipation). For example,
when extracting signal related to anticipation events, we included in the
analysis: the target and the feedback responses to factor out signal tied
to those outcome events than to the anticipation event.
Next, we conducted one sample t-tests to investigate random-effects
whole-brain voxelwise analyses for each group for each contrast using a
signiﬁcance threshold of p b 0.001. In order to run conjunction analyses
at the group level, we used IMCalc in SPM8 to determine the overlap be-
tween groups with the equation i1+ 2 ∗ i2 for each of the four contrasts.
The resulting images that had a value of 3 (i.e., illustrated by the yellow
voxels as shown in Fig 3, for example) indicated activated voxels that
were common to both HC and SZ groups, revealing that the two groups
activated the same network for all four contrasts. We also conducted
one-way ANOVAs to examine whole-brain voxel-wise between-group
differences for each contrast. We did not ﬁnd any regions that survived
multiple comparison correction (at FDR, p b .05). Therefore,we nowpres-
ent regions showing voxel-wise group differences at an uncorrected
threshold of p b .001 in the Supplement as these regionshave a small clus-
ter extent which limit the reliability of these effects, but may be useful as
exploratory analyses for future studies (see Supplementary Table 1). We
also conducted a whole-brain voxel-wise t-test in the SZ group in which
we included chlorpromazine (CPZ) medication dosage equivalents as a
covariate in order to ﬁnd whether there were regions in the brain
where CPZ medication dosage predicted reward anticipatory/outcome
activation. Finally, we conducted a whole-brain voxel-wise one-sample
t-test in our combined cohort of HC and SZ participants for each contrast.
Table 3 shows all the areas that survived multiple comparison correction
(FWE, p b .05) in the combined cohort.
We used our whole-brain voxel-wise one-sample t-test in our com-
bined cohort for subsequent region-of-interest (ROI) analyses that tested
whether there were quantitative differences in the level of activation be-
tween the two groups during reward and punishment processing. The
ROIs were centered on the peaks of thewhole-brain analyses in our com-
bined sample of HC and SZ participants for each of the contrasts, in order
tominimize any bias from selecting clusters thatmay have been activated
predominantly in one group versus the other (Poldrack, 2007). Addition-
ally, in order to minimize multiple comparisons, we only deﬁned ROIs
based on regions that showed activation overlap between the twogroups.
Since the ROIs were selected based on a data-driven functional whole-
brain analyses approach from the combined cohort without any knowl-
edge of the results, there is no potential for bias. We calculated mean
beta values within a 5 mm radius spherical volume around each of the
centroids for each contrast for each participant in the 2 groups (HC and
SZ), in which the coordinates of the centroids are shown in Table 4. The
mean beta values extracted for each of the contrasts for each ROI were
then entered into one-way ANOVAs in SPSS to compare between-group
quantitative differences in signal for each contrast. We used Pearson3s cor-
relations to examine brain–behavior associations for each group by com-
paring mean beta signal within the ROIs with our behavioral/clinical
variables of interest. Behavioral variables of interest included: TEPS-
anticipatory scores, TEPS consummatory scores, BAS-Drive, PANSS and
UPSA scores (see Supplementary Table 2). Whole-brain regression
analyses were also conducted in order to study whether any of the behav-
ioral/clinical variables predicted neural activation, thus providing additional
conﬁrmatory analyses to the brain–behavior ROI correlation ﬁndings.
Finally, Fisher r-to-z transformations were conducted to assess the
signiﬁcance of group differences between the two correlation coefﬁcients.
3. Results
3.1. Behavioral ﬁndings
3.1.1. MID task accuracy
A one-way ANOVA revealed a group difference in overall accuracy
(F = 4.05, df = 1,55, p b .05). The effect size (Cohen3s d) of the overall
accuracy difference between HC and SZ subjects was 0.59. A 2 × 2
repeated-measures ANOVA revealed a main effect of Win/No-Lose
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accuracy (F= 4.98, df = 1,55, p = .03) and a main effect of group (F=
36.51, df= 1,55, p b .001), but no group ×Win/No-Lose accuracy inter-
action (F = 1.21, df = 1,55, p = .28). Subsequent between-group one-
way ANOVAs revealed that HC participants had better accuracy on both
Win (F = 38.91, df = 1,55, p b .001) and Lose conditions (F = 29.76,
df = 1,55, p b .001) when compared to SZ participants (Fig. 2). Howev-
er, interestingly, within-group repeated-measures ANOVAs indicated
that both HC and SZ groups revealed the same accuracy pattern with
higher accuracy scores on the Win versus Lose condition (HC:F =
4.79, df = 1,19, p = .041; SZ: F = 5.37, df = 1,36, p = .026).
3.1.2. MID task Reaction Time (RT)
A one-way ANOVA revealed a group difference in overall RT (F =
10.39, df = 1,55, p b .002). A 2 × 3 repeated-measures ANOVA revealed
a main effect of condition (F = 20.88, df = 2,54, p b .001), and a main
effect of group (F=10.39, df= 2,54, p b .002) but no group× condition
interaction (F = 1.83, df = 2,54, p = .17). Subsequent between-group
one-way ANOVAs revealed that SZ participants were slower than HC
participants across all conditions (Win: F = 11.18, df = 1,55, p =
.001; Lose: F = 8.53, df = 1,55, p = .005; Null: F = 9.28, df = 1,55,
p = .004). Within-group repeated-measures ANOVAs indicated that
both HC and SZ groups revealed the same RT pattern, with both groups
being slowest in the Null condition when compared to the Win condi-
tion (HC: F = 20.77, df = 1,19, p = .001; SZ: F = 13.05, df = 1,36,
p = .001), and when the Null was compared to the Lose condition
(HC: F = 5.95, df = 1,19, p = .025; SZ: F = 5.84, df = 1,36, p = .02).
Both groups were also fastest on the Win condition when compared
to the Lose condition (HC: F = 13.37, df = 1,19, p = .002; SZ: F =
10.04, df = 1,36, p = .003).
3.2. fMRI ﬁndings
3.2.1. Immediate reward anticipation versus null
As conﬁrmed by our whole-brain conjunction analyses, SZ patients
revealed a similar qualitative pattern of cortical–subcortical activation
(extending from frontal to striatal regions) to that of HC participants
(Fig. 3). However, as predicted, our ROI analyses indicated quantitative
between-group activation differences within the ventral striatum (VS)
in SZ participants (Table 4). Speciﬁcally, one-way ANOVAs revealed
that SZ participants showed hypoactivation in only one region, the
ventral striatum (VS), when compared to HC participants (F = 4.18,
df = 1,53, p = .046).
3.2.2. Association of fMRI ﬁndings during immediate reward anticipation
with behavioral and clinical measures
3.2.2.1. Self-ratings of reward responsivity and arousal. SZ patients exhib-
ited marginally reduced levels of future representations of anticipatory
pleasure (i.e., TEPS anticipatory pleasure) compared to healthy partici-
pants (p = .08), although they exhibited similar arousal levels when
viewing the Win cue, as well as similar levels of consummatory pleasure
(i.e., TEPS consummatory pleasure) as HC participants (all p values N .20).
However, interestingly,we founddistinct differences between theHC and
SZ groups in terms of their neural signal association with the TEPS
consummatory pleasure scale. Speciﬁcally, the HC group revealed neural
activity in four regions during reward anticipation that predicted higher
self-ratings of TEPS consummatory pleasure; this association was found
in: left putamen (r = .53, df = 18, p = .02), VS (r = .48, df = 18, p =
.03), mPFC (r = .45, df = 18, p = .04), and right putamen (r = .44,
df = 18, p = .05). In contrast, the SZ group revealed signal increase in
only one region, the right IPL, that predicted higher self-ratings in TEPS
consummatory pleasure (r = .35, df = 33, p = .04) (Fig. 4). Signal
in right IPL was also associated with higher self-ratings on BAS-
Drive (r = .39, df = 33, p = .02) while signal in the left IPL predict-
ed better real-world functional capacity, as measured by the UPSA
(r = .34, df = 33, p = .05). Finally, whole-brain regression analyses
provide additional conﬁrmatory evidence that TEPS anticipatory
pleasure, TEPS consummatory pleasure and BAS-Drive predicted R.
IPL signal during immediate reward anticipation in schizophrenia
patients (see Supplementary Fig. 1). Although, Fisher r-to-z trans-
formations did not reveal any signiﬁcant between-group difference
in the strength of the association between R. IPL and TEPS consum-
matory pleasure (z = .58, p = .28), we did ﬁnd a signiﬁcant
between-group difference in the relation between TEPS consumma-
tory pleasure and ventral striatum (z = 1.91, p = .03), left putamen
(z = 2.57, p = .005), as well as mPFC (z = 2.57, p = .005). Together,
these ﬁndings suggest that SZ and HC participants show signiﬁcant-
ly different associations between frontal–striatal activation during
anticipation of immediate rewards, and self-ratings of real-world
reward responsivity.
Table 3
Whole-brain analyses in the combined cohort (FWE, p b .05).
Region Volume
(mm3)
Max T Coordinates
X Y Z
A. Immediate reward anticipation versus null
Lingual/cuneus 7352 7.51 12 −88 2
6.52 12 −92 −4
5.88 12 −94 −22
R. putamen/caudate head 912 6.56 10 8 −4
L. IPL 608 6.41 −42 −36 42
L. M/IFG 480 6.13 −50 2 40
R. M/IFG 152 5.53 40 −6 50
Midbrain 120 5.52 −8 −28 −14
5.30 −2 −34 −12
B. Reward gain versus no monetary gain
L. putamen/caudate head 3952 8.71 −20 10 −8
R. putamen/caudate head 2664 8.01 20 12 −6
mPFC/ACC 1336 6.62 −8 36 −8
5.56 −6 38 10
L. IPL 1512 6.60 −36 −40 38
R. IPL 360 6.14 46 −32 40
C. Immediate punishment anticipation versus null
Lingual/cuneus 144 5.62 −20 −82 −10
D. Punishment loss versus no monetary loss
− − − − − −
Table 4
Regions-of-interest (mean beta, SD) identiﬁed in the whole-brain analyses in the
combined cohort that showed voxel-wise activation overlap in the two groups.
Region Beta-value (SD) Coordinates p value
X Y Z
A. Immediate reward anticipation versus Null
L. putamen 0.35 (.60) −18 10 −6 0.20
R. putamen 0.42 (.52) 10 8 −4 0.14
VS/nucleus accumbens 0.35 (.58) −8 −4 6 0.046a
L. IPL 0.31 (.40) −42 −36 42 0.66
R. IPL 0.28 (.42) 49 −33 42 0.19
mPFC 0.35 (.51) 6 42 10 0.28
Mid-cingulate 0.37 (.52) 8 10 46 0.46
Occipital lobe 0.67 (.73) −12 −88 2 0.42
B. Reward gain versus no monetary gain
L. putamen 1.40 (1.24) −20 12 4 0.61
R. putamen 1.24 (1.28) 20 12 −3 0.69
L. IPL 0.82 (.96) −36 −40 38 0.62
C. immediate punishment anticipation versus Null
L. occipital Lobe 0.37 (.54) −15 −80 −7 0.64
D. Punishment Loss versus no monetary Loss
mSFG 0.96 (1.68) −2 52 20 0.04a
a Between-group one-way ANOVAs showing signiﬁcant differences inmean beta signal
(p b .05).
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3.2.3. Clinical and neuropsychological measures
Overall, symptom ratings were low in this clinically stable group of
SZ participants (average rating slightly over 2, mild). However, we did
ﬁnd a positive correlation between positive symptom severity with
mean beta signal in mPFC (r = .33, df = 33, p = .05) and mid-
cingulate (r= .37, df=33, p= .03) during immediate reward anticipa-
tion. This positive relationship betweenmid-cingulate signal with posi-
tive symptoms was also conﬁrmed by our whole-brain voxel-wise
regression analyses in which positive symptom severity predicted acti-
vation in themid-cingulate region during reward anticipation (see Sup-
plementary Fig. 2). There was no association between mean beta signal
in any of the ROIs during reward anticipation with either problem-
solving or global cognition (all p values N 0.10).
3.2.4. Reward gain versus no monetary gain
Whole-brain conjunction analyses revealed that the two groups
activated the samenetwork,with activation overlap observedwithin bi-
lateral putamen and L.IPL (Fig. 5). Additionally, further ROI analyses re-
vealed that signal in none of the three ROIs correlated with any clinical/
neuropsychological measures (all ps N .10).
3.2.5. Immediate punishment anticipation versus null
Whole-brain conjunction analyses revealed similar qualitative acti-
vation patterns between HC and SZ participants during anticipation of
immediate punishments versus the Null condition. Speciﬁcally, schizo-
phrenia patients recruited the same regions that healthy participants
activated (i.e., mid-cingulate, bilateral putamen and occipital regions),
although functional overlap was only observed within the left occipital
region (Fig. 6). Further ROI analyses indicated that the left occipital
region did not correlate with any clinical/neuropsychological measures
(all ps N .20).
3.2.6. Punishment loss versus no monetary loss
Whole-brain 1-sample t-tests in the combined cohort revealed that
only one region, themedial superior frontal gyrus (extending to the an-
terior cingulate cortex, mSFG/ACC), showed increased activation during
the outcome phase when participants were notiﬁed that they had lost
money compared to no monetary loss (Fig. 7). Interestingly, ROI analy-
ses indicated that the mSFG/ACC was also the only region in which
between-group quantitative differences in signal were found. Speciﬁ-
cally, SZ participants revealed signiﬁcantly reduced activation during
monetary loss versus no loss when compared to HC participants (F =
4.69, df = 1,53 p = .035) (Table 4).
4. Discussion
Weconducted an fMRI study investigatingneural activation patterns
in schizophrenia during immediate prediction and outcome of rewards
and punishments on the MID task, and investigated how neural signal
related to measures of real-world reward sensitivity, responsivity, and
functional outcome. We found that:
1) SZ patients showed impaired accuracy on both Win (reward) and
Lose (punishment) conditions when compared to HC participants.
Although accuracy was titrated for each participant at roughly 68%
based on the previous run, we still observed group differences in ac-
curacy. These ﬁndings suggest that HCparticipants performedbetter
than SZ participants with each subsequent run. Additionally, al-
though SZ participants were slower than HC participants on each
condition, they showed the same accuracy and RT patterns as the
Fig. 2. Behavior: Mean accuracy in HC and SZ participants. A. One-way ANOVA reveals a signiﬁcant group difference in overall accuracy.B. One-way ANOVAs reveal a signiﬁcant group
difference in the No Lose condition as well as in the Win condition.
Fig. 3. Conjunction analyses: immediate Reward anticipation versus Null. Whole-brain activation images reveal that HC and SZ participants recruit the same network. The yellow voxels
illustrate regions showing activation overlap in the two groups.
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HC group in that both groups had higher accuracy scores on theWin
compared to Lose conditions, and both groups also had the slowest
RT on the Null condition and fastest RT on the Win condition.
Further, one-way between-group ANOVAs did not yield any brain
regions in which SZ patients showed increased activation to neutral
stimuli when compared to HC participants, conﬁrming that the
Fig. 5. Conjunction analyses: Reward gain versus no monetary gain. Bilateral putamen and L. IPL regions show activation overlap in the two groups.
Fig. 4. ROI analyses during immediate reward anticipation: correlations with trait hedonic pleasure. HC= black circles, red correlation values; SZ=white circles, blue correlation values.
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current ﬁndings cannot be explained by aberrant salience to neutral
stimuli compared to motivationally salient information (Esslinger
et al., 2012).
2) During immediate reward anticipation, both HC and SZ participants
showed increased activation in several regions, including: VS, bilateral
putamen, bilateral IPL, mPFC, mid-cingulate and occipital areas.
However, there were distinct differences between groups in brain–
behavior correlations with self-reports of reward responsivity. HC
participants showed a signiﬁcant relationship between reward-
mediating regions (i.e., VS, mPFC, bilateral putamen) and self-ratings
of TEPS consummatory pleasure, whereas SZ participants showed a
signiﬁcant association between right IPL and self-ratings of TEPS con-
summatory pleasure.
3) During punishment outcome, SZ patients revealed hypoactivation in
the mSFG when compared with HC participants.
Our whole-brain analyses indicate that as subjects anticipated im-
mediate monetary rewards, several regions revealed increased activa-
tion, including VS, bilateral putamen, bilateral IPL, mPFC and mid-
cingulate, in our combined cohort of HC and SZ participants. Further,
whole-brain conjunction analyses revealed all regions that showed acti-
vated voxels that were common to both HC and SZ groups, suggesting
similar whole-brain qualitative patterns of neural activity in the 2
groups. Interestingly, whole-brain regression analyses revealed that an-
ticipatory representations of future reward (assayed with TEPS antici-
patory pleasure scale) as well as consummatory pleasure ratings
(assayed with the TEPS consummatory pleasure scale) predicted signal
in only one region, the right IPL, in SZ patients during immediate reward
anticipation (i.e., during theWin cue). It has also been previously shown
that remembered consummatory pleasure is a critical predictor ofmoti-
vation in schizophrenia (Trémeau et al., 2010), which seem to be sup-
ported with the ﬁndings in our current neuroimaging study.
Our ROI analyses indicated that in SZ patients, compared with HC
participants, the VS showed reduced activation during immediate
reward anticipation, and the medial SFG showed reduced activation
during punishment outcome. The medial SFG/ACC region has been im-
plicated in conﬂict monitoring and error detection (Alain et al., 2002;
Garavan et al., 2003; Gehring andKnight, 2000). Thus, itmay be possible
that HC participants recruit the mSFG to a greater extent during error-
monitoring, which, in turn, likely contributes to better subsequent per-
formance during punishment trials and, consequently, may help them
perform better at avoidingmonetary loss in the future, when compared
to SZ participants.
Given past research showing that striatal activation is associated
with reward anticipation and that SZ patients reveal lower striatum sig-
nal during anticipation of immediate upcoming rewards (Juckel et al.,
2006), the present ﬁndings corroborate prior research conﬁrming that
although SZ patients do show similarwhole-brain neural activation pat-
terns to HC participants, they do exhibit reduced striatal activation dur-
ing anticipation of immediate rewards. Our ﬁndings also revealed that
during immediate reward anticipation, SZ patients showed a positive
association between mPFC and mid-cingulate signal with positive
symptom severity. While some prior studies have shown an inverse
relationship between reward-related activation with positive symptoms
(Schlagenhauf et al., 2009), other studies have shown positive associa-
tions between frontal and striatal signals with positive symptom severity
(Rotarska-Jagiela et al., 2010; Wotruba et al., 2014). For example,
Rotarska-Jagiela et al. (2010) has shown that frontal–temporal
Fig. 6. Conjunction analyses: immediate punishment anticipation versus Null. Only one region, left occipital cortex, shows activation overlap in the two groups.
Fig. 7. Conjunction analyses: punishment Loss versus no monetary Loss. Only one region, medial superior frontal gyrus, shows activation overlap in the two groups.
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connectivity positively correlated with positive symptom severity in
schizophrenia, which suggests that psychopathology may be associ-
ated with intrinsic frontal aberrations. One theory that may explain
this positive correlation between frontal–temporal regions with
positive symptoms (such as hallucinations) is that there is impaired
connectivity between frontal areas (involved in anticipatory pro-
cessing for an upcoming action) and temporal areas (involved in au-
ditory perception) in which hallucinations are thought to result
from misinterpreted speech intentions (Rotarska-Jagiela et al.,
2010). In other words, frontal regions (such as the mid-cingulate)
may be activated during prediction errors between anticipatory
speech intentions and outcome. Similarly, in our study, one specula-
tion is that the mid-cingulate may also be activated during predic-
tion errors between immediate reward anticipation and outcome,
in which mid-cingulate signal correlates with positive symptom
severity. In our clinically stable sample of patients, since most of
our patients were on atypical antipsychotic medications, we do not
believe that these ﬁndings are due to effects of dopaminergic-
blocking typical versus atypical medications (Juckel et al., 2006;
Kirsch et al., 2007). Furthermore, we did not ﬁnd any regions in
the brain where CPZ medication dosage predicted reward anticipa-
tory/outcome activation in our whole-brain regression analyses.
Rather, our ﬁndings do conﬁrm that aberrations in recruitment of
the frontal–striatal circuitry during immediate reward anticipation
are inherent to the illness even in our low-symptom clinically stable
sample of schizophrenia patients.
The present paper also extends prior research in that SZ andHCpartic-
ipants showed different responses in their brain–behavior associations
with self-ratings of reward responsivity (i.e., TEPS consummatory plea-
sure ratings). HC participants revealed associations in bilateral putamen,
mPFC and VSwith hedonic consummatory pleasure ratings while SZ par-
ticipants revealed correlationswith consummatory pleasure ratingswith-
in the right IPL. It must also be noted that we did not ﬁnd signiﬁcant
activation group differences within the IPL or a signiﬁcant between-
group difference in the strength of the association between R. IPL and re-
ward responsivity. However, we did ﬁnd a signiﬁcant between-group dif-
ference in the strength of the relation between reward responsivity, and
left putamen, VS and mPFC. We think that we did not observe a sig-
niﬁcant between-group difference in R. IPL because the slopes are in
the same direction for both groups (unlike the slopes within mPFC,
VS and left putamen in which we do ﬁnd a signiﬁcant between
group difference). These ﬁndings hint at the possibility that both
HC and SZ groups may beneﬁt from enhanced IPL signal during im-
mediate reward anticipation (although the association with reward
responsivity seems to be stronger in the SZ than that in the HC
group). Together, these ﬁndings suggest that SZ and HC participants
show signiﬁcantly distinct associations between frontal–striatal
activation during anticipation of reward, and self-ratings of real-
world reward responsivity.
Consistent with prior studies, our ﬁndings indicate that SZ patients
did not differ from HC participants in the level of their consummatory
pleasure ratings (Gard et al., 2007) but only in terms of the brain regions
that predicted consummatory pleasure. Furthermore, SZ patients did
not differ from HC participants in their positive affect and arousal rat-
ings to the rewarding cue. These ﬁndings suggest that patients3 experi-
ence of positive affect and arousal in response to immediate rewarding
stimuli is intact, in agreement with previous literature (Cohen and
Minor, 2010; Llerena et al., 2012), but point towards distinct differences
between reward-related anticipatory neural activity and the reported
subjective experience of pleasure. Speciﬁcally, while healthy partici-
pants recruited regions known to mediate reward-anticipatory activity
such as the basal ganglia (bilateral putamen) and VS (Barch and
Dowd, 2010; Knutson et al., 2001; Nielsen et al., 2012) that predicted
trait hedonic pleasure, SZ patients revealed right IPL activation — a
region that is not considered central to reward processing (Singh-
Curry and Husain, 2009).
During anticipation of immediate rewards, the right IPLwas also cor-
related with overall motivational drive (i.e., BAS-Drive) to move to-
wards a desired goal in SZ participants, while the left IPL predicted
better functional capacity (as measured by the UPSA). Together, these
ﬁndings indicate that the signal in the IPL (rather than reward-
mediating regions) predicts enhanced functional capacity in individuals
with schizophrenia. Finally, our ﬁndings suggest that activating im-
paired frontal circuits during the reward anticipatory phase may not
be beneﬁcial for clinical symptoms in our sample of chronically-ill albeit
clinically stable sample of SZ participants, but point towards recruit-
ment of more intact systemswithin the IPL that are likely to predict en-
hanced motivation and functional capacity.
Although the IPL is involved in multiple cognitive and emotional
processes, it is particularly important for attention during saliency pro-
cessing and consequently, facilitates goal-directed activities. Salient in-
formation activates both the right and left IPL; however, the right IPL
is thought to be more involved in directing attention to salient relevant
information, while the left IPL is activated particularly during suppres-
sion of irrelevant information (Mevorach et al., 2006). Thus, both right
and left IPL support attention to salient information that is needed for
goal-directed functional capacity. This is consistent with ﬁndings from
other studies that indicate that the parietal cortex is modulated when
participants engage in increased attentional effort across a broad
range of cognitive tasks (Kanwisher and Wojciulik, 2000; Shuman and
Kanwisher, 2004). Furthermore, damage to the IPL has been reliably as-
sociated with hemi-spatial attentional neglect (Mesulam, 1999), in
which patients fail to attend to information in their left visual ﬁeld, indi-
cating that IPL is necessary for attention processes. Finally, Small et al.
(2005) have speciﬁcally shown that IPL is modulated by changes in at-
tentional cues that mediate motivational salience on their monetary in-
centive task, and IPL signal is enhanced when motivationally salient
information (i.e., rewarding cues) is combined with transcranial mag-
netic stimulation (TMS) on the MID task (Stanford et al., 2013).
Together, these ﬁndings suggest that in SZ participants, enhanced
IPL activity during immediate reward anticipation and its association
with BAS-Drive supports enhanced attention to incoming salient infor-
mation, which then increases patients3 motivation to move towards a
desired goal, thus, contributing to enhanced functional capacity (as
shown by IPL signal association with the UPSA scale). Indeed, Gard
et al. (2009) also conducted path analyses to ﬁnd that motivation
plays amediating role between neurocognition and functional outcome.
These ﬁndings corroborate prior research, suggesting that the IPL may
have a functional attention-mediating compensatory role during
reward motivation in psychiatric disorders such as schizophrenia
(Stanford et al., 2013).
5. Conclusions
The motivation of getting rewards or avoiding punishments rein-
forces goal-directed behavior. The present ﬁndings indicate that SZ pa-
tients showed reduced accuracy on reward and punishment trials when
compared to HC participants. However, both HC and SZ participants
showed a similar accuracy and RT pattern, being most accurate and
fastest on the Win condition and slowest on the Null condition. There-
fore, we do not believe that the current ﬁndings can be explained by
SZ participants showing reduced willingness to expend effort in order
to achieve monetary rewards. The results point to common whole-
brain qualitative activation patterns during immediate reward and
punishment anticipation and outcome in the two groups, as well as
quantitative between-group differences (with SZ patients showing
hypoactivation in ventral striatum) during immediate reward anticipa-
tion. Finally, whereas HC participants activated reward-related circuits
inVS, bilateral putamenandmPFCduring immediate reward anticipation,
which predicted hedonic pleasure, SZ participants activated regions such
as the IPL (mediating attention rather than reward mechanisms) that
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predicted hedonic pleasure and functional capacity. Together, these ﬁnd-
ings suggest that the study and treatment of motivation deﬁcits in pa-
tients with schizophrenia may require a more detailed investigation of
the role of the IPL as a circuit modulator during immediate reward antic-
ipation that may contribute to real-world functioning capacity.
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